Herpes simplex virus type 1 (HSV-1) encodes several alpha (immediate-early) gene products that modulate gene expression during viral replication. We report here that the alpha protein ICP27 specifically stimulates expression of a later viral gene, that encoding glycoprotein B (gB). Using temperature-sensitive viral mutants, the effect of ICP27 on HSV-1 protein synthesis was examined at early times after infection or at later times when viral DNA replication was inhibited. Under these conditions, the expression of gB showed a marked dependence on the presence of functional ICP27, whereas several other beta and gamma 1 genes showed a lesser dependence. It was also noted that cells infected with ICP27 temperature sensitive mutants at the nonpermissive temperature showed a reduction in the electrophoretic mobility of the alpha protein ICP4. To examine the mechanism by which ICP27 stimulated gB expression, a plasmid was constructed in which the promoterregulatory region of the gB gene was fused to the gene encoding chloramphenicol acetyltransferase (CAT). CAT expression from this plasmid was induced significantly by ICP27 expressed from a cotransfected plasmid. Induction of CAT activity by ICP27 correlated well with an increase in the amount of CAT transcripts initiated from the transcriptional start site of the gB gene. The transactivating activity of ICP27 was specific for the gB promoter-regulatory region, as expression from several other HSV-1 promoter-CAT chimeric genes was not stimulated by ICP27. The DNA sequences which conferred the response to ICP27 mapped within 175 base pairs upstream and 41 base pairs downstream of the gB transcriptional start site. Our results suggest that the full expression of gB and perhaps other viral genes during HSV-1 infection requires the combined action of multiple viral transactivators.
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Eucaryotic cells and their viruses encode proteins which regulate gene expression and show various levels of specificity for target genes (31, 34) . Herpes simplex virus type 1 (HSV-1) encodes several alpha (immediate-early) gene products that regulate viral gene expression during the lytic cycle of viral replication. To date, the action of these gene products has been shown to be general for the stimulation of HSV-1 gene expression. We report here on the specific stimulation of an HSV-1 gene by the alpha protein ICP27.
The expression of viral genes during HSV-1 infection occurs in a tightly regulated cascade pattern (5, 23, 25 ; for a review, see reference 47). HSV-1 genes have been classified into several groups based on the temporal order and functional requirements for their expression. The first set of viral genes to be expressed are the alpha or immediate-early genes. The transcription of alpha genes does not require synthesis of any new viral proteins (23) but is enhanced by a component of the incoming virus particle (4, 41) . The next set of genes to be transcribed is the beta, or delayed-early, genes. Many of the beta proteins are required for viral DNA replication. The gamma or late genes are the last temporal class of genes to be activated, and their full expression is dependent upon the commencement of viral DNA synthesis (20, 23) . Gamma genes have been divided into two groups: gamma 1 genes, the transcripts of which are expressed at low levels even in the absence of DNA synthesis, and gamma 2 genes, the transcripts of which are expressed at undetectable or barely detectable levels in the absence of viral DNA replication.
Expression of functional alpha proteins is required for the activation of the beta and gamma classes of HSV genes (24) .
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Five alpha proteins have been identified: infected-cell polypeptides (ICPs) 0, 4, 22, 27, and 47. The genes specifying two of these polypeptides, ICP22 and ICP47, can be deleted from the virus without adverse affects on viral growth in most cell lines (32, 42) . The three remaining alpha proteins, ICP4, ICP0, and ICP27, are nuclear phosphoproteins with apparent molecular weights of approximately 165,000, 110,000, and 63,000, respectively (1, 23, 27, 37, 40, 44) . All three proteins have been implicated to some extent in the activation of HSV-1 beta and gamma gene expression. Evidence for this comes from the results of two types of studies. The first is analysis of viral mutants containing deletions or temperature-sensitive (ts) mutations in the genes specifying these proteins. The second is transient expression analysis in which beta or gamma HSV-1 genes or promoters are transfected into uninfected cells together with genes specifying alpha proteins.
Evidence from both types of studies has implicated ICP4 as an important activator of beta and gamma gene transcription. At the nonpermissive temperature, viral mutants containing ts mutations in the ICP4 gene fail to accumulate or transcribe beta and gamma mRNAs (15, 43, 54) . Viruses containing deletions in the ICP4 gene also fail to induce beta and gamma genes and are completely nonviable in normal cell lines (8) . Transient expression analyses also implicate ICP4 as an inducer of gene expression, because many beta and gamma genes and promoters introduced into cells by transfection can be transactivated by ICP4 (9, 10, 12, 33, 38, 39, 45) . Partially purified preparations of ICP4 have been shown to bind to DNA in a sequence-specific manner (11) . However, since many HSV genes activated by ICP4 do not appear to contain ICP4-binding sites, it is unclear whether this apparent biochemical activity of ICP4 is relevant to its ability to induce gene expression.
Transient assay experiments also suggest that ICPO may be involved in the stimulation of beta and gamma gene expression. Many HSV genes or promoters are activated by cotransfection with plasmids encoding ICPO (10, 12, 33, 38, 39, 45) . In some cases, ICP0 appears to work synergistically with ICP4 in transactivating HSV promoters (38, 45) . HSV-1 mutants which contain deletions in the ICP0 gene have recently been isolated (50, 53) . These mutants are impaired for growth, especially at low multiplicities of infection, but are viable. Surprisingly, these mutants do not exhibit any dramatic defects in viral gene expression. Thus, although ICP0 can be a potent activator of gene expression in transfected cells, its role in the activation of beta and gamma gene expression during lytic infection is presently unclear.
The alpha protein ICP27 has been suggested to play an essential role in HSV-1 gene activation because viral mutants containing ts lesions in the ICP27 gene fail to accumulate gamma 2 and, to a lesser extent, beta and gamma 1 proteins at the nonpermissive temperature (49) . These mutants are able to replicate their DNA at the nonpermissive temperature (49, 51) . In transient assay experiments, ICP27
has generally failed to affect expression of cotransfected HSV genes (9, 33, 38) . Everett, however, recently reported (10) that the promoter of the ICP5 (gamma 1) gene can be stimulated in a transient expression assay by the combined effect of ICP27, ICP4, and ICPO, although ICP27 alone has no effect.
The present studies were initiated to further explore the role ICP27 plays in activating HSV-1 gene expression. We find that viral mutants containing ts lesions in the ICP27 gene show a markedly reduced ability to express the viral glycoprotein B (gB) gene, whereas expression of other beta and gamma 1 genes is affected to a lesser extent. In addition, we demonstrate that the promoter-regulatory region of the gB gene can be specifically transactivated in transfected cells by the action of ICP27. (14, 28) .
MATERIALS AND METHODS
Recombinant plasmids. The plasmid pSG1-ES1, which contains the, ICPO gene, has been previously described (45) .
The plasmid pEK4, which contains the ICP4 gene, has the same 8.5-kilobase (kb) EcoRI-KpnI HSV-1 insert as the previously described plasmid pSG1-EK1 (45) All plasmid DNAs were purified by a cleared lysate procedure, followed by ethidium bromide-cesium chloride ultracentrifugation (30) .
Transfections. Vero cells were transfected by using the calcium phosphate precipitation procedure (18) . For CAT assays, transfections were done with 25-cm2 culture flasks of Vero cells by using 8 ,ug of CAT plasmid and 4 ,ug of each plasmid containing HSV alpha genes. Carrier pUC19 DNA was added to bring the total amount of DNA in each transfection to 16 ,ug. For preparation of RNA, 150-cm2 flasks were transfected with 50 pLg of CAT plasmid, 25 ,ug of pBH27, and enough pUC19 DNA to bring the total amount to 100 ,ug. The calcium phosphate-DNA precipitates were allowed to sit for 8 to (17) . One half of the extract from cells of each culture was assayed in a total volume of 150 [LI containing 150 mM Tris hydrochloride, pH 7.8, 0.5 mM acetyl coenzyme A (Pharmacia, Inc., Piscataway, N.J.), and 0.3 ,uCi of [14C]chloramphenicol for 1 h at 37°C. After thin-layer chromatography, the individual spots corresponding to the substrate and products were identified by autoradiography and cut out, and their radioactivity was determined by liquid scintillation counting. In each experiment, 16 ,ug of pUC19 DNA was transfected as a control, and the percent acetylation obtained in this case (usually about 0.15%) was considered background and subtracted from each value. Control experiments showed that the assay was linear with respect to CAT activity up to at least 40% acetylation of the substrate. When 40% acetylation was exceeded, 5-or 25-fold dilutions of the sample were made, and the assay was repeated to give a value below 40% acetylation. This value was then multiplied by the dilution used to determine the relative CAT activity (6) .
RNase protection assays. Cytoplasmic RNA was prepared from transfected cells by phenol and chloroform extraction of the 0.5% Nonidet P-40 supernatant fractions, followed by ethanol precipitation (26) . The RNA was then treated with RNase-free DNase I (Bethesda Research Laboratories, Gaithersburg, Md.) to digest any residual plasmid DNA.
An SP6 antisense RNA expression vector was constructed by subcloning a PvuII-XbaI fragment from a gB-CAT 5' deletion derivative, pgB-CAT-5'del(-104) into the XbaI and SmaI sites of pSP65 (Promega Biotec, Madison, Wis.). This plasmid, pRP2, was linearized by digestion with XbaI prior to in vitro transcription. The 32P-labeled probe was prepared and the RNase protection assays were performed essentially as described by Zinn et al. (59) . Equal amounts of cytoplasmic RNA, usually 50 jxg, were used to protect 106 cpm of 32P-labeled antisense probe. The protected fragments were analyzed on 6% denaturing urea-acrylamide gels, followed by autoradiography. (Fig. 1) . At 3 h after infection, both wild-type-and mutant-infected cells showed a very similar pattern of protein synthesis at the nonpermissive temperature, although two major quantitative differences were observed (Fig. 1, lanes 3 and 4) . First, consistent with previous observations (49) , the ICP27 mutant overexpressed the alpha protein ICP4. Second, the synthesis of the precursor to gB (pgB; 52) was markedly reduced in the mutantinfected cells. At 5 and 7 h postinfection, many qualitative differences between wild-type-and mutant-infected cell protein synthesis became apparent (Fig. 1 , lanes 5 and 6 and lanes 7 and 8). Because DNA synthesis begins between 3 and 6 h postinfection (48, 55) , some of the differences seen at these times may be due to a reduction in DNA replication in tsLG4-infected cells. Indeed, there were fewer differences at 7 h postinfection when viral DNA replication was inhibited, but significant differences remained (Fig. 1, lanes 9 and 10) . Although the most striking difference under these conditions was a reduction in the amount of pgB synthesized in tsLG4-infected cells, other proteins, such as ICP8, were also underexpressed. In contrast, the gamma 1 protein ICP5 was reduced only marginally if at all. Thus, it appears that HSV-1 late proteins (beta and gamma 1) were differentially affected by ts mutations in ICP27. It is also apparent that the alpha protein ICP4 was overexpressed in tsLG4-infected cells in the presence of phosphonoacetic acid.
RESULTS
Additional experiments were performed to correlate ts defects in ICP27 with the inability to fully activate gB expression at early times after infection. First, we examined gene expression in cells infected with KOS LG4-rl, a ts+ virus obtained by marker rescue of tsLG4 with a cloned, wild-type copy of the ICP27 gene. Synthesis of pgB at 3 h postinfection was quite reduced at the nonpermissive temperature in tsLG4-infected cells but occurred normally in cells infected with tsLG4-rl (Fig. 2, lanes 3 and 4) . Thus, the inability of tsLG4 to fully activate pgB expression at early times after infection is due to a defect in its ICP27 gene.
Second, we examined protein synthesis in cells infected with J. VIROL. another ICP27 ts mutant, KOS tsY46 (49) . Cells infected with tsY46 also showed low levels of pgB expression at the nonpermissive temperature (Fig. 2, lane 5) . Therefore, the inability to fully activate gB expression at early times after infection is a property shared by two independent ICP27 ts mutants. The ts mutants also failed to synthesize normal levels of some other beta or gamma 1 proteins, such as ICP8, although at least one gamma 1 protein, ICP5, was reduced only marginally in the ts mutant-infected cells.
The experiment shown in Fig. 2 demonstrates two additional points concerning the phenotype of the ICP27 ts mutants. First, in addition to ICP4, the alpha protein ICPO was also expressed at a higher than normal rate at the nonpermissive temperature in the ts mutant-infected cells. Second, the ts mutant-infected cells not only overexpressed the ICP4 protein at the nonpermissive temperature but also synthesized an ICP4 with an altered electrophoretic mobility. The ICP4 synthesized during a pulse-label in the mutantinfected cells migrated as a more diffuse band than did the wild-type ICP4 and showed a reduced electrophoretic mobility. ICP27-stimulated expression of a gB-CAT chimeric gene. The above experiments suggested that functional ICP27 is required for complete activation of gB expression during HSV-1 infection. Thus, it seemed possible that ICP27 stimulates expression of the gB gene introduced into cells by transfection. In pilot transfection experiments, we observed that a plasmid encoding ICP27 could enhance the ability of a plasmid encoding both ICP4 and ICPO to stimulate expression of a third plasmid containing the intact gB gene (data not shown). To study this phenomenon in more detail, the promoter-regulatory region of the gB gene was fused to the structural gene encoding bacterial CAT (17) . The resulting plasmid pgB-CAT contains a 545-bp HSV-1 DNA insert with sequences from nucleotides -504 to +41 relative to the gB transcriptional initiation site placed 5' to the CAT-coding region.
We examined the effect of cotransfection of various immediate-early gene plasmids (Fig. 3) on CAT expression from pgB-CAT (Fig. 4) . In the absence of immediate-early genes, expression from pgB-CAT was barely detectable (Fig. 4, lane 1) . Like many HSV promoter-regulatory regions, that of gB was stimulated by both ICP4 and ICPO (lanes 2, 4, and 6). When pBH27, a plasmid encoding ICP27, was added in combination with plasmids encoding ICP4, ICPO, or both, greater stimulation of CAT expression was obtained compared with that without the ICP27 plasmid. Furthermore, the plasmid encoding ICP27 alone was able to transactivate pgB-CAT (lane 8). Transactivation of pgB-CAT by pBH27 was observed in numerous repeat experiments using different preparations of both plasmid DNAs.
To investigate the sequences in pgB-CAT required for its response to ICP27, two derivatives of pgB-CAT were constructed. One plasmid, pgB-CAT-5'del(-175), contained a deletion extending from bp -504 to -175 relative to the gB transcriptional start site. This plasmid was similar to the parental construct in both its very low basal level of CAT activity and its response to transactivation by the ICP27 plasmid (data not shown). Another construct was engineered in which a portion of the gB promoter (nucleotides -240 to +41) as well as the entire CAT gene was subcloned into a new vector, pUC19. This plasmid, pgB-CAT-s(-240), showed a substantially higher level of basal CAT expression than did pgB-CAT (50-to 100-fold) but was still inducible by pBH27 (3-to 5-fold; data not shown). These results indicate that vector sequences could influence basal CAT expression in this system but they were not responsible for the response to pBH27. Furthermore, the sequences which were responsive to transactivation by the ICP27 plasmid mapped between nucleotides -175 and +41 relative to the gB transcriptional start site.
Requirement of functional ICP27 for transactivation. Stimulation of CAT activity from pgB-CAT and its derivatives by cotransfection with the ICP27 plasmid might be an effect mediated by the ICP27 protein. Alternatively, the ICP27 plasmid DNA itself could activate pgB-CAT expression by competing for trans-acting factors which repress gB-CAT expression. To distinguish between these possibilities, we compared the transactivation ability of the wild-type ICP27 plasmid pBH27 to that of a mutated version, pBHX1. The mutant plasmid is identical to pBH27 except for containing a 14-bp synthetic linker inserted at a Sall site in approximately the middle of the ICP27-coding region (L. Su and D. Knipe, unpublished results). The linker contains stop codons in all three reading frames, and thus pBHX1 is predicted to encode a truncated form of ICP27.
Increasing amounts of wild-type or mutant ICP27 plasmid were added to a fixed amount of pgB-CAT-5'del(-175) (8 ,ug) . The DNA was transfected into cells, and relative CAT activities were determined after 2 days (Fig. 5) . The wild- type plasmid was able to significantly transactivate pgB-CAT-5'del(-175) expression even at the lowest amount added (0.5 p,g). The stimulation increased with increasing amounts of the pBH27 plasmid and appeared to plateau with approximately 4 ,ug of plasmid DNA. In contrast, the mutated pBHX1 was inactive when added in small amounts but showed a small amount of stimulation when larger amounts were added. These results demonstrate that at least the majority of the transactivating ability of pBH27 is due to its capacity to encode an intact ICP27. It is unclear whether the remaining stimulation by pBHX1 is due to residual activity of the truncated protein or to DNA competition effects.
Promoter-specific transactivation by ICP27. Several HSV-1 genes or promoter-test gene fusions are transactivated in transient expression assays by the action of ICP4 and ICPO (9, 33, 38) . These previous experiments have not demonstrated a similar function for ICP27. Everett, however, recently reported that an ICP5-CAT construct could be activated by an ICP27 plasmid but only when transfected in combination with plasmids encoding ICP4 and ICPO (10) . To determine whether transactivation by ICP27 in our system was specific for the gB promoter, we tested several HSV promoter-CAT fusions in cotransfection experiments. These constructs contained beta (thymidine kinase [TK], ICP8, and alkaline exonuclease [AE]) or gamma 1 (VP5 = ICP5) promoters. A series of experiments was performed in which CAT plasmids were transfected alone or were cotransfected with pBH27, which encodes ICP27, or pEK4, which encodes ICP4. Equal fractions of the transfected cell extracts were assayed for CAT activity, and the results of three independent transfection experiments are shown in Table 1 .
The various CAT plasmids differed significantly in their uninduced levels of expression, with pICP8-CAT showing the most activity, followed by pTK-CAT. The plasmids pgB-CAT and pAE-CAT were only marginally active, while the pVP5-CAT construct was inactive. With the exception of ICP4, although the level of stimulation by ICP4 varied somewhat among the CAT plasmids. The pTK-CAT construct was the most sensitive to ICP4 activation, and the pAE-CAT construct was the least sensitive. The VP5 construct, although not activated by pEK4, was efficiently induced by cotransfection with pSG1, which encodes both ICP4 and ICPO (data not shown).
Of the plasmids tested, only pgB-CAT was significantly induced by cotransfection with pBH27. CAT expression from pTK-CAT, pAE-CAT, and pVP5-CAT was essentially unaffected by cotransfection with pBH27, while CAT expression from pICP8-CAT appeared slightly inhibited (about two to threefold). These experiments indicate that, among the plasmids tested, transactivation by ICP27 is specific for the gB promoter-regulatory region.
ICP27 increased the amount of correctly initiated transcripts from pgB-CAT. The above experiments indicate that ICP27 increased the level of CAT enzyme expressed from pgB-CAT and its derivatives, but they did not address the mechanism by which ICP27 acts. If ICP27 stimulates transcription of the gB promoter or stabilizes mRNA transcribed from it, an increase in the amount of properly initiated gB-CAT transcripts should be seen. We therefore used an RNase protection assay to identify and quantitate mRNAs transcribed from pgB-CAT and its derivatives in transfected cells (Fig. 6A) .
Cytoplasmic RNA was prepared from transfected cells, and equal amounts were annealed with a 32P-labeled gB- VOL. 62, 1988 CAT antisense probe. As a marker, RNA prepared from cells transfected with pSV2-CAT (in which the simian virus 40 early promoter is fused to the CAT gene; 17) was also annealed to the antisense probe. In the latter case, only CAT-specific sequences, corresponding to a band of 152 nucleotides, were protected from digestion by RNase (Fig.  6B, lane 9) . If transcription from pgB-CAT and its derivatives initiate at the expected site, then a protected band of approximately 193 nucleotides would be observed. An RNA species of this size was increased in response to ICP27. For the parental construct pgB-CAT, this band was absent in the absence of ICP27 (Fig. 6B, lane 3) but was induced to a low but detectable level by ICP27 (Fig. 6B, lane 4) . The effect was more pronounced for the plasmid pgB-CAT-5'del(-175) (Fig. 6B, lanes 5 and 6) . The plasmid pgB-CAT-s(-240), which showed a high level of basal CAT activity, also showed a high basal level of correctly initiated gB-CAT transcripts (Fig. 6B, lane 7) . Furthermore, this level was increased by cotransfection of the ICP27 gene plasmid (Fig.  6B, lane 8) , consistent with its induction in CAT activity. In cells transfected with pgB-CAT and its derivatives, a larger band of approximately 297 nucleotides, resulting from protection of the entire gB-CAT portion of the probe, was also observed. This band is presumably due to RNA transcripts which originate upstream of the gB cap site. In the experiment shown, this larger RNA species also appeared to be stimulated by ICP27, but in repeat experiments its induction was either less apparent or absent. Regardless of the response of the upstream transcript, our results demonstrate that ICP27 stimulates the accumulation of correctly initiated gB-CAT transcripts in transfected cells.
DISCUSSION
ICP27 specifically stimulates expression of the gB gene. The results we obtained in both infected and transfected cells indicate that the HSV-1 alpha protein ICP27 causes a stimulation of expression of at least one specific later viral gene, that encoding the glycoprotein gB. ICP27 is a phosphorylated nuclear protein which plays an essential but as yet undefined role in viral gene expression (49) . The gB gene is also essential, encoding a virion envelope protein involved in cell penetration (52) .
Expression of gB during HSV infection has previously been examined. In two studies it was found that gB mRNA levels rise significantly following viral DNA replication, suggesting that gB is regulated as a gamma 1 gene (22, 55) . However, other studies have indicated that DNA replication has little, if any, effect on gB mRNA levels, consistent with beta gene regulation (21, 46) . Our studies are also consistent with the regulation of gB as a beta gene, because the level of pgB protein synthesis did not appear to decrease in the presence of a DNA replication inhibitor (Fig. 1, compare  lanes 7 and 9) . In any case, our results suggest that regulation of the gB gene differs from that of several other HSV genes, both beta and gamma 1, because it shows a particular sensitivity to transactivation by ICP27.
Role of ICP27 during HSV-1 infection. view, see reference 2). Interestingly, one of these proteins, BMLF1, shares a region of amino acid similarity with ICP27 (7) . Human adenoviruses also appear to encode multiple transactivators (13, 19, 58) . This may be a common feature of large, nuclear-replicating DNA viruses which use the cellular machinery to carry out a regulated program of gene expression.
